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PERFORMANCE OF SEVERAL, ABLATTON MATERTATS EXPOSED TO
IOW CONVECTIVE HEATING RATES IN AN ARC-JET STREAM

By Marvin B. Dow and William D. Brewer
Langley Research Center

SUMMARY

An investigation was made of the performance of eleven different types of
eblation materials bonded to beryllium or aluminum backup plates. Thirty-four
specimens fabricated as flat square sections with a nominal side dimension of
5 inches (12.70 cm) were exposed to convective heating rates of less than
10 Btu/(sq ft)(sec) (0.11h MW/m?) for exposure times in excess of 200 seconds
in the 2500-kilowatt arc Jjet at the Langley Research Center. Some of the speci-
mens were tested in air and others, in a mixture of air and nitrogen. The back-
surface temperature response, the mass-distribution loss of ablation materials,
and the depth of thermal degradation are presented. The performance of each
material during testing is also discussed.

A comparison of measured and calculated back-surface temperature responses
is presented for some of the ablation materials tested in the arc jet. Calcula-
tions were made for those materials for which data concerning physical and ther-
mal properties were available. Reasonable agreement was obtained between experi-
mental and calculated temperature responses.

Photographs of ablation materials which experienced reentry on the after-
body of the spacecraft of the Project Mercury mission MA-8 are shown. A com-
parison is made of the physical appearance of identical materials tested in
flight and in the arc jet. This comparison indicates that, despite the more
severe oxidation in the arc-jet stream, certain materials developed the same
type of physical defects in both the reentry and arc-jet enviromments.

INTRODUCTION

The performance of several thermal-protection materials during reentry was
investigated in a flight test conducted by the Manned Spacecraft Center. For
this flight test, several ablation materisls were bonded to the beryllium shin-
gles on the afterbody of the spacecraft of the Project Mercury mission MA-8.
Although the heat-transfer rates encountered by the materials were not severe,
the test did provide an actual flight environment for comparing the materisals.

As a means of acquiring information on the relative performance of the
materials to aid in interpretation of flight-test results, specimens of the same



materials were exposed to convective heating in an electric-powered arc-jet
facility at the Langley Research Center. Other materials, not flight tested,
were also tested in the ground facility.

Results obtained from the arc-jet tests are presented herein in terms of
material thermal response, mass-distribution loss, thermal degradation, and
visual observation of material behavior. A comparison is made of the physical
appearance of the materials tested in the arc Jet and in flight. Also presented
are comparisons of measured and calculated back-surface temperatures for four of
the test materials.

The units for the physical quantities used in this paper are given both in
the U.S. Customary Units and in the International System of Units, SI (ref. 1).
An appendix is included to explain the relationship between these systems of
units.

ARC-JET SPECIMENS AND TEST APPARATUS

The test specimens consisted of an ablation material bonded to a metal
backup plate. Completed test specimens were furnished by seven different sup-
pliers. The specimen fabrication techniques for each ablation material were
developed by its supplier. It was specified that the mass distribution of the
thermal-protection system, including the ablation material, the bond material,
and the moisture-proof protective coating, if required, be approximately
0.5 1b/sq ft (2.44 kg/m2).

General information concerning the arc-jet specimens is summarized in
table I, which includes the trade name of the ablation materials, the name of
the firm which supplied each ablation material, and the number of specimens
furnished for arc-jet testing. Hereafter, the materials are identified by the
letters appearing with the trade names in table I.

Arc-Jet Specimens

The arc-Jjet specimens were flat and square, with a nominal side dimension
of 5 inches (12.70 cm). The ablation materials were bonded to beryllium backup
plates, 0.10 inch (0.25 cm) thick, except those made with materials F and G.
(See table I.) These specimens were fabricated with 6061-T6 aluminum-alloy
backup plates which were 0.156 inch (0.396 cm) thick. All arc-jet specimens,
except the four made from material H, were fabricated with only one test mate-
rial per specimen. The ablation material applied to one-half of each specimen
of material H contalned a fiber-glass mesh reinforcement; this material was cast
and adhesively bonded to the beryllium backup plate. The ablation material
applied to the other half of the plate was spray applied and adhered from self-
bonding. The test-material thickness on both halves of the specimen was the
same. The bond line between the two materials was oriented parallel to the
direction of the stream flow.



Arc-jet specimens of each type of ablation material are shown prior to
testing in the photographs of figure 1. A photograph of a specimen of mate-
rial J prior to testing is unavailsble, but its appearance is identical to the
specimens of material T.

A detailed summary of the mass distributions of the sblation materials is
shown in table II for each arc-jet specimen. The values shown are based on the
nominal density and the thickness data furnished by the supplier.

Five chromel-alumel thermocouples were attached to the uncoated side of the
metal backup plate for measuring its temperature response. The location of these
thermocouples is shown in figure 2. The three thermocouples near one edge of the
specimen were used to monitor the temperature of the metal backup plate in the
region of the most severe heating. The temperatures lndicated by the two ther-
mocouples located near the center of the backup plate were considered the prime
data, The thermocouple arrangement shown in figure 2 was used for all arc-jet
specimens, except the specimens of material H. For these specimens one prime-
data thermocouple was placed on the center line parallel to the interface of
each of the two test materials. Thermocouple outputs were recorded on an
oscillograph.

Test Apparatus

Arc-jet facility.- The test specimens, which were 5 inches (12.70 cm)
square, were exposed to the high-temperature gas stream produced by the
2500-kilowatt arc Jjet at the Langley Research Center. This facility produces
& subsonic gas stream at atmospheric pressure with a static temperature of about
6,800° F (4L033° K) and an enthalpy of approximately 3,000 Btu/lb (6.96 MJ/kg) at
the exit of the nozzle. Construction details and operation of the facility are
described in reference 2.

Specimen mounting and test fixture.- Hat-shaped steel clips were welded to
the metal backup plates in the position shown in figure 2 to provide a means of
attaching the specimens to the test fixture. The instrumented specimens were
fastened by means of screws to sheet-steel holders. An assembly of the specimen
in the holder is shown in figure 3. The specimens were mounted in the holders
so that the bond line between the ablation material and the metal backup plate
was at the elevation of the flanges of the holder. Only the ablation material
protruded out of the holder. The space between the edges of the metal backup
plate and the holder was completely filled with silicone rubber. The back face
of the metal backup plate was insulated with fibrous insulation, and the steel
attachment clips were insulated from the holder by a sheet of asbestos. There-
fore, the only metal-to-metal contact was that resulting from the four screws
which connected the attachment clips and the holder.

A water-cooled test fixture was used to position the test specimens in the
arc-jet stream and is shown, in the photograph of figure 4, with a specimen
installed. The test fixture was constructed of copper and consisted of a cylin-
drical leading edge with a radius of 2 inches (5.08 cm) and & 9.5° half-angle
wedge-shaped afterbody. The outer surface and edges of the ablation materials



were exposed to the arc-Jjet stream in the same manner as were the flight speci-
mens bonded to the afterbody shingles of the MA-8 spacecraft.

TEST CONDITIONS AND PROCEDURE

Test Conditions

An estimate of the convective heating rates to be encountered by the flight
specimens on the afterbody of the MA-8 spacecraft during reentry was obtained
from temperatures measured on the uncoated beryllium afterbody shingles of the
MA-5 spacecraft during reentry. The calculated "cold-wall" heating rates corre-
sponding to the temperatures measured on the MA-5 spacecraft are shown plotted
against reentry time in figure 5. Inasmuch as limitations of the arc-jet facil-
ity precluded exact duplication of the MA-5 heat pulse, two constant levels of
heating rate were used in the arc-jet tests, as shown in figure 5. The time of
exposure at each heating rate was adjusted to give the same total heat input as
the flight-reentry heat pulse. The arc-Jjet simulation of reentry heating shown
in figure 5 will hereinafter be referred to as the simulated pulse.

The arc-Jjet heating rates shown in figure 5 represent repeated measurements
of the heating rate at the center of a metal calorimeter, 5 inches (12.70 cm)
square, which was substituted for the test specimen. In order to obtain heat-
transfer rates of the level required for simulation, it was necessary to use an
arc-jet nozzle 12 inches (30.48 cm) in diameter and to position the center of
the test specimens 22 inches (55.88 cm) above the nozzle exit. The combination
of the large-diameter nozzle and the distance between the nozzle exit and the
test specimen caused the arc-jet stream to be somewhat unsteady in the test
region. This unsteadiness in turn caused some variation in the measured values
of the heating rate. The arc-jet heating-rate curves in figure 5 are drawn as
bands in order to reflect the degree of uncertainty in the measured values. The
change in level of the heating rate shown in figure 5 was obtained by changing
the mass flow of gas through the nozzle.

The available equipment did not permit a determination of the enthalpy of
the test stream 22 inches (55.88 cm) above the nozzle exit. The measured value
of the test-stream enthalpy near the nozzle exit was 3,000 Btu/lb (6.96 MJ/kg).
Diffusion into the stream by unheated surrounding air and some loss of energy
in the gas stream due to radiation produced a marked decrease in the stream
enthalpy at the position of the test specimen. The enthalpy of the stream at
the position of the test specimen was estimated to be 1,000 Btu/lb (2.32 MJ/kg).

Test Procedures

In general, two types of tests were performed on each ablatlion material.
In one type of test, the material was exposed only to the simulated heat pulse
shown in figure 5. 1In the other type of test, the high-level portion of the
heat pulse was continued until a temperature of 600° F (589° K) was measured by
the prime-data thermocouples. A photograph of a typical specimen during testing
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is shown in figure 6. Also shown are pertinent detalls of the arc-jet facility
and the test apparatus.

Nitrogen was used in place of air in the arc-Jjet stream for tests of several
specimens to determine the effects of oxidation on some of the ablation materials.
Previous tests (ref. 3) have indicated that oxidation can have a considerable
effect on the performance of certain ablation materials in the arc-Jjet facility
used in the present investigation.

Samples of gas were obtained from the nitrogen arc-jet stream 22 inches
(55.88 cm) above the nozzle exit. These samples were analyzed to determine the
eamount of air which had mixed with the nitrogen stream. The analysis indicated
that the test stream contained approximately 12 to 16 percent oxygen which had
diffused into the stream from the surrounding air.

At the completion of the testing, the specimens were welghed to determine
the welight loss of the ablation material, and the specimens were sectioned to
determine the depth of thermal degradation in the test material at the center
of the specimen. The maximum temperature of the metal backup plate and the
time required to reach this temperature, measured from the start of the test,
were determined from the temperature records of the prime-data thermocouples
for those specimens exposed to the simulated pulse.

RESULTS AND DISCUSSION

The results of all arc-jet tests are summarized in table TII. Included in
table III are the specimen exposure times, the temperature of the metal backup
plate at specific times during the test, the unit weight loss of the ablation
material, and the depth of thermal degradation in the ablation material.

The low- and high-level heating rates shown in table IIT refer to the
heating rates of the simulated pulse shown in figure 5. Exposure to high-level
heating in excess of 55 seconds indicates that the test was continued until the
metal backup plate reached 600° F (589° K). In most cases the simulated pulse
consisted of 160 seconds of low-level heating followed by 55 seconds of high-
level heating; the exception to thls in the case of a few specimens was due to
changes in the arc-jet heating rate which required an adjustment in exposure
time. The effect on backup plate temperatures of such variation in the simu-
lated pulse was small. The temperature of the metal backup plate at the end of
the simulated pulse is elther the temperature at the termination of heating or
the temperature at a time corresponding to the end of the simulated pulse for
those specimens for which the high-level heating was continued until the metal
backup plate reached 600° F (589° K). It should be noted that for some ablation
materials the temperature of the metal backup plate reached 600° F or more from
the simulated pulse alone. The maximum temperature and the time to reach maxi-
mum temperature give an indication of the amount of heat stored in the test mate-
rial and the time required for this heat to penetrate the self-insulation pro-
vided by the ablation material.



Care must be exercised in estimating the performance, based on test results
in ground facilities, of ablation materials in flight applications. Ablation
materials tested in air at enthalpies conslderably lower than the predicted
flight enthalpy are subjected to disproportionately severe oxidation. An unpub-
lished analysis indicates that simulation of char performance in low-enthalpy
arc Jjets requires testing at greatly reduced oxygen concentrations. For the
present tests, a reduction in the oxygen concentration of the test stream to a
level acceptable for adequate simulstion was not possible. This impossibility
was because the specimen was located at a point in the arc-Jet test stream where
considerable mixing with ambient air occurred. Even when 100-percent nitrogen
was supplied to the arc Jet, the oxygen concentration at the test position of
the specimens was from about 12 to 16 percent. This concentration was substan-
tially higher than the 3 percent or less, by weight, required for good simula-
tion of char performance.

The ablation materials on the arc-jet specimens were not subjected to the
noise and vibration of launching, the near-vacuum conditions of orbital flight,
or the high-velocity stream flow. However, for the reason stated in the pre-
ceding paragraph, oxidation during the arc-jet tests of these materials was
much more severe than would be anticipated during reentry on the afterbody of
the MA-8 spacecraft. This severity of oxidation would penalize the performance
of those materials which are particularly susceptible to oxidation.

Temperature Histories Obtained From Arc-Jet Tests

The temperature histories of the specimens tested in the arc-jet facility
are shown in figure 7. The temperatures shown on these curves are an average
of the measurements from the two prime-data thermocouples located near the
center of each specimen. In most cases, these temperatures show good agreement
between specimens of the same ablation material. This agreement indicates uni-
form material properties and satisfactory duplication of test conditions. The
temperature histories of the specimens tested in a mixture of nitrogen and air
indicate to some extent the effect of oxidation on these particular materials.
The obvious exception to good agreement between temperature histories obtained
during different tests of similar materials can be seen in figure 7(g). In this
instance, there is a considersble difference in the measured temperatures on two
specimens tested in the same gas stream for the same length of time. This dif-
ference in temperatures is discussed in the following section.

Ablation-Material Performance During Testing
and Physical Appearance After Testing

Visual observations during testing and motion-picture records indicated
that the various ablation materials exhibited marked differences in performance
during exposure to arc-Jjet heating. Also, the physical appearance of the vari-
ous ablation materials at the completion of testing differed widely. The photo-
graphs of figure 8 show a specimen of each ablation material after exposure to
the simulated pulse.



Phenolic nylon.- Combustion, producing visible flames, occurred on the sur-
face of the phenolic nylon during exposure to the low-level heating. The char
layer which formed developed a pattern of large-grained cracks resembling "mud
flat" cracks over the entire surface. The edge of the ablation material which
was closest to the arc-jet nozzle experienced the most severe heating and was
beveled by oxidation. Oxidation of the material occurred at an increased rate
during high-level heating, with the width of the cracks in the char gradually
becoming wider because of localized combustion in the cracks. No blistering or
separation of material occurred during testing. The phenolic-nylon material was
also tested in an arc-jet stream of reduced oxygen concentration. The same
crack pattern formed in the char but oxidation was less severe, as evidenced by
narrow cracks and absence of edge beveling.

Figure 8(a) shows the phenolic-nylon material after a simulated pulse in
air. The crack pattern, which is probably due to shrinkage of the char, is evi-
dent in the photograph. The char layer adhered to the unpyrolized material,
with no visible distortion or separation; however, the char was friable and
could be rubbed off with moderate pressure. This material experienced a 46—
and 33-percent weight loss from exposure to the simulated pulse in air and in
8 stream of reduced oxygen concentration, respectively.

Material A.- This material changed in color from a light brown to a dark
brown during exposure to the low-level heating. There was no visible evidence
of combustion during this period. The high-level heating caused visible com-
bustion on the surface with a gradual removal of material which exposed what
appeared to be a matting of quartz fibers. Some cracks and local checking
appeared on the surface during the high-level heating.

Figure 8(b) shows the material after exposure to the simulated pulse. The
surface of the specimen after testing was flat, with no distortions or serious
defects other than the cracks and checking noted previously. The outer surface
of the material was hard, and considerable pressure was required to rub charred
material from the surface. The weight of material lost from the two specimens
exposed to the simulated pulse was in close agreement and was approximately
30 percent. The temperature of the beryllium backup plate at the end of the
simulated pulse showed some variation among the four test specimens. This varia-
tion in temperature may have been caused by the distribution of the quartz in the
ablation material.

Material B.- Approximately 10 seconds after the beginning of exposure to
low-level heating, the entire surface of material B began to oxidize, and visi-
ble flames were produced. The oxidation of this material appeared to occur at
a faster rate than for any other material tested. Exposure to the high-level
heating increased the rate of oxidation, and during this period particles of
material were blown from the surface by the test stream.

Material B is shown after testing in figure 8(c). This ablation material
was almost totally consumed during simulated pulse heating as evidenced by a
material weight loss of about 90 percent. The light-colored material on the
specimen surface which can be seen in figure 8(c) is probably bond material,
inasmuch as material B was completely consumed in this area. The material on
the remainder of the specimen resembled soot in appearance and strength.



Material C.- Combustion, producing visible flemes, occurred on the surface
of the specimens of material C during low-level heating. Blisters and fissures
appeared in the material near the end of the low-level heating period. When the
heating was increased to the high level, the rate of combustion increased appre-
ciably. The fissures in the material widened, and localized burning occurred in
the region of the fissures. The sblation material separated from the beryllium
backup plate in the region of the most severe heating, which was the edge of the
specimen nearest the arc-jet nozzle.

Figure 8(d) shows the specimen after exposure to the simulated pulse. Mate-
rial C was seriously affected by oxidation with nearly a 50-percent material
welght loss. The blisters and fissures which appeared during testing are visi-
ble in figure 8(d). The beryllium backup plate reached a temperature of 600° F
(589° X) before the end of the simulated pulse. (See table III.)

Material D.- During exposure to the low-level heating in air, material D
gradually changed in color from red to black. There was no visible evidence of
surface oxidation. When the heating was increased to the high level, the sur-
face of the material oxidized and visible flames were produced. The specimen
surface gradually changed in color from black to white. There was no blistering,
separation, or loss of material from the honeycomb during the test period. Mate-
rial D was also exposed to the simulated pulse in an are-jet stream of reduced
oxygen content. The appearance and performance of the material during this test
were identical to the test in air.

Figure 8(e) shows material D after having been tested in air. The white
surface layer which formed was extremely fragile and easily separated from the
material beneath and would most likely have been removed by a higher velocity
test stream. Thilis material showed good oxidation resistance, as evidenced by
the weight loss of about 11 percent. The amount of material weight loss during
the test at reduced oxidation concentration was not determined because of loss
of the degraded layer before weighing could be accomplished; however, the depth
of thermal degradation in the two tests was the same.

Material E.- During exposure to low-level heating, material E changed in
color from a medium brown to black, with no visible evidence of combustion. The
high-level heating caused visible combustion on the surface. There was no blis-
tering, separation, or loss of material from the honeycomb during testing. This
material was also tested in an arc-jet stream of nitrogen and air and evidenced
less visible combustion during high-level heating in this test stream, but other-
wise it performed in the same manner as in the air tests.

Material E, after exposure to the simulated pulse in air, is shown in fig-
ure 8(f). The surface of the material was rough but regular, with the honeycomb
cell walls apparently having oxidized at a slower rate than the ablation mate-
rial. The weight of material lost during the simulated pulse in air was about
45 percent of the weight before testing and about 30 percent for the corre-
sponding test in nitrogen and air.

Material F.- Low-level heating in air caused combustion of material F, with

visible flames over the entire surface of the material. Cracks formed in the
surface of the material, and localized combustion occurred in the regions of the
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cracks. High-level heating caused increased oxidation on the surface of the
material. Cracks penetrating the entire depth of the ablation material devel-
oped, and the material blistered and separated from the aluminum backup plate
in the region of the most severe heating.

Tests of the material in an arc-Jjet stream of reduced oxygen concentration
resulted in less severe oxidation, even though flames were visible during both
low- and high-level heating. The cracking and separation of material was also
less severe than for the tests in air.

The sblation material F is shown in figures 8(g) and 8(h) after exposure to
the simulated pulse in air and at reduced oxygen concentration, respectively.
The cracks and separations of the material, which are similar in appearance to
those which occurred with material C, can be seen in the photographs. The char
layer produced by the tests in air extended in depth to the aluminum plate, with
no unpyrolized material remaining. The material experienced a 66-percent weight
loss during tests in air.

The difference in the temperature histories between specimens 1 and 2 of
material F noted in the section entitled "Temperature Histories Obtained From
Arc-Jet Tests" is difficult to explain. (See fig. T(g).) The two specimens
were both tested in an arc-jet stream at reduced oxygen concentration for iden-
tical test periocds. Since the gas supplied to the arc jet was 10O-percent
nitrogen in both tests, it appears unlikely that there was any significant dif-
ference 1in the oxygen content of the test stream. Also, there was no indication
of thermocouple malfunction, since all five thermocouples on each specimen were
in working order and gave comparable temperatures. An error in thermocouple-
data reduction does not explain the differences in the depth of thermal degra-
dation and in the ablation-material weight loss between the two specimens.
Specimen 1 of material F, which had the lowest back-surface temperatures, expe-
rienced a weight loss of 36 percent, whereas specimen 2, which had back-surface
temperatures that agreed very closely with those of the specimens tested in air,
experienced a weight loss of 58 percent.

Material G.- Specimens of material G differed from all others tested in
that the rectangular fiber-glass honeycomb cells had low-density insulation
between the metal backup plate and the ablation material. The ablation mate-
rial was applied in a thin layer at the top of the cells and across the exte-
rior surface of the specimens to give a smooth surface. When this material
was exposed to low-level heating during a simulated pulse in air, a thin char
layer formed at the surface, oxidized, and produced visible flames. The
burning stopped after a few seconds, and the material in each cell appeared
to expand outward with continued exposure. With the application of high-level
heating, the thin char layer was repidly oxidized and the insulation material
in the honeycomb cells shrank away from the cell walls. Near the end of the
high-level heating period, a portion of the insulation material in some honey-
comb cells blew out and beads of glassy materlal were seen to form on the outer
edges of most honeycomb walls. The formation of beads indicated that high local
heating on the exposed edges was melting the glass in the honeycomb. When
exposed to a simulated pulse in the arc-jet stream of reduced oxygen concentra-
tion, material G behaved as it did in air during the low-level heating. However,



exposure to the high-level heating produced no noticeable change in the appear-
ance of the msterial. The char layer was not oxidized, nor was there any melting

of the edges of honeycomb walls.

Figures 8(i) and 8(Jj) show material G after exposure to a simulated pulse
in air and at reduced oxygen concentration, respectively. The glass beads which
formed on the edges of the honeycomb walls are visible in figure 8(i). During
tests in air, the ablation material G was completely consumed, and the specimens
experienced a 56-percent weight loss. Material G tested at reduced oxygen con-
centration experienced a welght loss of about 45 percent.

Material H.~ The protective coating on material H burned off quickly on
exposure to low-level heating. With the protective coating gone, the interface
in the center of the specimen between the differently applied sections of mate-
rial H was evident. The low-level heating produced no visible reactions or
changes in the material. The temperature of the beryllium backup plate rose
continuously during low-level heating, as shown in figure T7(i). When the
heating was increased to the high level, the surface of the specimen began to
burn with green-colored flames. The half of the specimen covered by the
sprayed-on and self-bonding material H developed an overall small-grain crack
pattern; several large blisters which buckled the surface of the material also
eppeared. The sectlon of adhesively bonded material H covering the other half
of the specimen developed a large-grain crack pattern over most of the surface.
Near the end of the high-level heating period, separation of this material from
the beryllium backup plate occurred in the region of maximum heating.

The photograph of figure 8(k) shows a specimen of material H after exposure
to the simulated pulse in alr. The crack patterns and blistering are evident in
the photograph. The surface cracking probably resulted from shrinkage of the
thermally degraded material, and the blistering was probably caused by gas,
formed during heating, which was unable to escape to the surface. Similar blis-
ters developed in material H in other tests in the 2500-kilowatt arc Jjet at the
Langley Research Center. (For example, see fig. 6(h) of ref. 4.) During expo-
sure to the simulated pulse, the material experienced a 38-percent loss in
weight.

The temperatures of the beryllium backup plate at the center of the two
differently applied sections of material H were in close agreement. The differ-
ence in temperature between the two sections was less than 10° F (6° K), except
at the conclusion of the tests of specimens 3 and 4, which were tested for
longer times than the simulated pulse. The temperature difference at the con-
clusion of the testing of these two specimens was about 30° F (17° K), with the
highest temperature occurring under the adhesively bonded material H. It 1s
believed that separation of the material at the most severely heated edge was
responsible for this divergence in temperstures.

Material I.~ The surface of material I burned with visible flames upon ini-
tial exposure to low-level heating, but after a few seconds the visible flames
disappeared. The material in the honeycomb cells appeared to swell outward,
and in severasl individual cells the material was pushed completely out of the
cell. Near the end of the low-level heating period the thermally degraded sur-
face layer appeared to separate from the material beneath and to produce large
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blistered regions extending across several cells. When the heating was increased
to the high level there was surface combustion, and visible flames were produced.
Some of this material was blown completely out of several of the cells, and there
was localized burning around such cell holes. Also, the material continued to
separate into blistered regions in the same manner as during low-level heating.

Figure 8(1) shows a specimen of material I after a simulated pulse in air.
Individual cells from which the material blew out are visible in the photograph.
The thin white layer of thermally degraded material which developed during the
tests was distorted and irregular; this layer was extremely fragile, however,
and had testing been conducted with a higher velocity air stream, it is likely
that this layer would have been removed. Beneath the thin residue, the pyro-
lyzed material was hard and tough, but irregular. Material I experienced a
weight loss of about 10 percent during exposure to the simulated pulse, thus
indicating good resistance to oxidation. Examination of the temperature curves
shown in figure 7 shows that the back-surface temperature for this material was
higher than for any other material tested at corresponding times up to about
140 seconds of exposure; however, between 140 seconds and 160 seconds the back-
surface temperature appeared to be reaching an equilibrium value. When the
heating rate was increased, the back-surface temperature again increased but at
a slower rate than during the low-level heating. It 1s believed that the back-
surface temperatures of this material were markedly influenced by the consider-
able expansion of this material during heating. Examination of a sectioned
specimen indicated that the thickness of the material after testing was nearly
twice that before testing. This increasing thickness resulted from the expan-
sion of the material up and out of the honeycomb cells. The expansion of mate-
rial I increased the material thickness and decreased its density, thus giving
it better insulation properties. Therefore, the thermal performance appeared
to improve with longer exposure.

Material J.- Certain modifications were made in the formulations of mate-
rial T in an effort to prevent the material from blowing out of the honeycomb.
Subsequent tests of two specimens of material J (modification of material I)
revealed no such defects. Figure 8(m) shows a specimen of material J after
exposure to a simulated pulse in air, and the absence of holes and irregulari-
ties is evident. As with material I, a fragile surface layer of thermally
degraded material was produced which had little bonding to the hard rough pyro-
lyzed material beneath.

Comparison of Calculated and Experimental Temperature Responses
for Arc-Jet Specimens

The equations of the numerical analysis of reference 5 have been programed
for solution by & high-speed digital computer. This program was used to calcu-
late the temperature response of the backup plate for some of the arc-Jet speci-
mens during exposure to the simulated pulse. Calculations were made for speci-
mens of materials B, C, H, and I. These materials were selected as belng repre-
sentative of the various materials tested. The temperature histories from fig-
ures T(c), 7(d), 7(i), and 7(J) for specimens exposed to the simulated pulse
have been replotted in figure 9 for comparison with calculated temperature
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responses. The calculated and experimental temperatures show reasonable agree-
ment, particularly in view of the uncertainties in the inputs for the
calculations.

Examination of figure 9(d) shows that reasonable agreement was obtained for
calculated and experimental temperatures during the low-level heating of mate-
rial I. During the high-level heating, the calculated temperatures are somewhat
higher than the measured temperatures. This difference probably results from the
previously discussed expansion of material I during heating. At the present
time, there is no provision in the computer program for an increase in material
thickness during heating.

For calculation purposes, it was assumed that the materials were exposed to
a constant-level enthalpy of 1,000 Btu/lb (2.32 MJ/kg). This reduction in
enthalpy from the 3,000 Btu/lb (6.96 MJ/kg) measured near the nozzle exit
appeared reasonable because there was a 50- to TO-percent dilution with unheated
air. In addition, there was some loss of energy in the gas stream because of
radiation. The heating rates and exposure times used in calculaetions were those
shown in figure 5 for the arc jet.

The major uncertainties in the calculations, insofar as material properties
were concerned, were the specific heat of the gaseous products of pyrolysis and
the thermal conductivity of the thermally degraded material or char. The major-
ity of the data available on the materials for which calculations were made was
obtained from measurements taken at room temperature. Thus, little information
was available concerning the material properties at high temperatures. The
values used in initial calculations were obtalned by assuming that the proper-
ties varied in much the same manner as those of similar materials for which the
properties are known functions of temperature.

Another source of disagreement between experimental and calculated tempera-
tures may have resulted from variations in the heating rate at different posi-
tions on the test specilmens. The computer program is capable of handling only
one-dimensional heating. The material on the test specimens was not uniformly
heated, inasmuch as the heating rates decreased with increasing distance from
the arc-jet nozzle. Also, the metals (beryllium and aluminum) used as backup
plates in fabricating the specimens have high values of thermal conductivity;
therefore, the temperature at the center of the plates is influenced by non-
uniform heating. PFurthermore, it was assumed for calculation purposes that the
metal backup plates were perfectly insulated, whereas, in fact, they did not
have perfect insulation.

Comparison of Arc-Jet Specimens and Fllght Specimens After Reentry

Specimens of each type of ablation material after the flight test on the
MA-8 spacecraft are shown in figure 10. The photographs show the materials as
they appeared on the beryllium afterbody shingles after spacecraft recovery. A
comparison of the ablation materials which were flight tested and the arc-jet
specimens in figure 8 indicates that the materials were less severely damaged in
flight than in the arc-Jjet enviromment. This difference in damage may have
resulted from unduly severe oxldation in the arc-jet environment. It is also
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possible that the flight specimens did not receive heating as great as the arc-
Jjet panels because of their position on the afterbody of the MA-8 spacecraft.

A comparison of the physical appearance of the specimens tested in flight
(fig. 10) and the specimens tested in the arc jet (fig. 8) shows considerable
similarity in the appearance of most of the materials. The similarity in
appearance is apparent for phenolic nylon and for materials A, C, E, and H.
There is some similarity between the sppearance of the flight-tested specimen
of material I (fig. 10(g)) and the specimen tested in the arc jet (fig. 8(1)).
The surface of the flight-tested specimens of material I was apparently dis-
colored by deposition of its ablation products on the specimen surface or some
other material which may have been ablation products from the forebody heat
shield. In the region of most severe heating on the flight specimen, however,
there are several honeycomb cells from which the material is gone. This type
of failure was also observed during arc-jet tests. The specimen of material D
tested in flight (fig. 10(e)) did not have the white friable surface layer that
formed during the arc-jet tests of this material. This difference in appear-
ance may have been caused by the degraded surface layer having been blown off
the flight specimen, or the reentry heating may not have been sufficient to
cause thermal degradation of the material. The appearance of the flight-tested
material B (fig. 10(c)) is considerably different from the appearance of this
material after arc-jet testing (fig. 8(c)). Much less of the material was con-
sumed during the flight test, and the black sooty surface layer which developed
during arc-jet testing is not present.

CONCLUDING REMARKS

An investigation was made of the performance of eleven different types of
ablation materials bonded to beryllium or aluminum backup plates when tested in
the 2500-kilowatt arc jet at the Langley Research Center, and the results are
compared with identical materials tested in flight. These materials differed
substantially in performance. Some of the materials withstoocd exposure to the
arc-jet environment and developed few or no serious defects; other materials
developed one or a combination of several severe defects, such as cracks, blis-
ters, separations, and ejection of material from honeycomb cells. These defects
would, if they occurred in flight, make the materials unfit for use as thermal
protection on reentry vehicles. It is concluded that the arc-jet environment
was unduly severe in regard to oxidation and that this adverse environment
penalized the performance of some of the test materials.

Reasonable agreement was obtained between the measured and calculated back-
surface temperature responses for those materials for which calculations were
made. The use of the computer program for investigating the performance of heat-
shielding materials depends upon the availability of detalled physical and ther-
mal properties. The full utilization of the capability of the computer program
used in the present investigation and other similar programs requires that much
greater efforts be made by the developers of ablation materials to obtain reli-
able physical and thermal property data. Such data at high temperatures are
especially needed.
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The appearance of the ablation materials which were flight tested on the
afterbody of the spacecraft MA-8 of the Project Mercury mission indicates that
the materizls were less severely damaged in the flight environment than in the
arc-jet environment. It was, however, apparent that the materials which devel-
oped severe defects in the arc-Jet environmment also developed the same type of
defects during reentry. The use of thermal protection materials for heat
shielding during reentry will require that the overall performance of selected
materials be investigated. Reliable protection will not be assured merely
because the material demonstrates an ability toc maintain a prescribed back-
surface temperature, either in ground tests or by calculation.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., September 15, 1964.
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APPENDIX
CONVERSION FACTORS

The International System of Units (SI) was adopted by the Eleventh General
Conference on Weights and Measures, Paris, October 1960, in Resolution No. 12

(ref. 1). Conversion factors required for units used in this paper are presented
in the following table:

Physical U.S. Customary | Conversion
quantity unit factor ST unit
. (a)
Length in. 0.0254 meters (m) o
Mass i1b/sq ft %.88 kilograms/(meter)® (kg/me)
distribution
Heating rate Btu/(sq ft)(sec) | 1.135 % 10k watts/(meter)2 (W/m2)
Enthalpy Btu/(1b) 2.32 x 102 | joules/kilogram (J/kg)
Temperature °F + 460 5/9 OKelvin (°K)

aMultiply value given in U.S. customary unit by conversion factor to
obtain equivalent value in ST unit.

Prefixes to indicate multiples of units are:

MIT1E () o v o o o e e e e e e e e e e e e e e .. 107D
centi () ¢ v v v e e e e e e e e e e e e e e e e e 10-2
K110 () & v v e e e e e e e e e e e e e e e e e . 102

mega (M) & v v 4 e e e e e e e e e e e e e e e e e 106
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TABLE I.- SUMMARY OF SPECIMENS TESTED IN ARC JET

Ablation material

Source Number
of Name S of
pecific
gpecimen (a) Major constituents gravity specimens
Langley Phenolic nylonb kT percent powdered nylon 0.545 i
Research 25 percent phenolic resin
Center 23 percent phenolic microballoons
5 percent silica spheres
Chance Vought Thermolited (A) Phenolic melamine plus quartz 0.977 L
Corporation fibers
Aveo Avcoat IIP (B) Epoxy plus additives 0.962 2
Corporation
Avcoat Epoxy and phenolic microballoons 0.962 2
5026-22 (C) plus additives
General ESM 1001° (D) Modified silicone rubber plus 0.882 2
Electric additives in honeycomb®
Company
Series Epoxy plus phenolie microballoons 0.513 2
500-27° (E) plus additives in honeycombC®
Martin ESA 943 (F) Epoxy plus silicone additives 0.946 i
Company
ESA 943 Honeycombd: cells are partially 0.513 L
composite {G) filled (pnext to aluminum plate)
with insulation of specific
gravity from 0.289 to 0.310;
remainder of each cell is
filled with material F
Emerson Thermo-Lag Inorganic subliming salts 1.280 i
Electric T-500° (H) plus phenolic binder
Manufacturing
Company
McDonnell s-3P (1) White silicone and silica 0.890 I
Alrcraft spheres plus additives in
Corporation honeycomb®
Modified Modification of material I 0.890 2
-3 (J)

SLetters in parentheses are used to identify materials elsewhere in paper.
DF1ight tested also.

cHexagonal-cell fiber-glass honeycomb.

dRectangular-cell fiber-glass honeycomb.
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TABLE II.- SUMMARY OF THICKNESSES AND MASS DISTRIBUTIONS FOR SPECIMENS TESTED IN ARC JET

Ablation material

Bonding-material

Total specimen
mass distribution | Protective- weight
Identification Specimen Specific Thickness Mass distribution c:z::!‘.ﬁg (a)
number Brevity | yn. | mm | Ib/eq £t | keg/m? | 1b/sq £t | kg/w? Ibfeq £t | kg/u
Phenolic 1 0.551 0.16 | L4.06 0.46 2.25 0.05 0.24 | Negligible 1.51 7.37
nylon 2 .53k .16 | 4,06 s 2.20 .04 .20 1.k9 7.27
3 .550 .16 k.06 R 2.29 .06 .29 1.53 T.h7
4 541 A7 4,32 .48 2.3 .06 .29 1.54 7.52
A 1 0.977 0.09 | 2.29 0.46 2.25 0.10 0.49 0 1.56 7.61
2 R 2.15 .10 b9 1.5% 7.52
3 .46 2.25 .12 .59 1.58 7.71
i .51 2,49 .13 .63 1.64 8.00
B 1 0.962 0.10 | 2.54 0.50 2.4 0.07 0.34 0 1.57 7.66
2 .962 .10 2.54 .50 2,44 .07 L34 0 1.57 7.66
c 1 0.962 0.10 2.5k 0.50 2.4y 0.07 0.3% 0 1.57 7.66
2 .962 .10 2.5% .50 2.4 .07 .3k 0 1.57 7.66
D 1 0.874 0.09 2.29 0.41 2.00 0.03 0.15 0 144 7.0%
2 .905 .09 2.29 43 2.10 .03 15 o 1.46 T.13
B 1 0.515 0.15 3.81 0.ko 1.95 0.11 0.54  Negligible 1.51 7.37
2 .510 15 3.8 4o 1.95 11 .5k Negligible 1.51 7.37
F 1 0.946 0.12  3.05 bg.50 2,44 (c) (c) ) d. 62 12.79
2
3
b R ~ v 4 \
G 1 €0.513 0.11 2.79 0.42 2,05 0.08 0.39 0 2.62 12.79
2
5 l
b v u 4 v
i ¢ 1 1.28 0.09 2.29 0.50 2.4 0.08 0.39 Unknown 1.58 7.71
2
3
i
v v v
I 1 0.890 0.11  2.79 0.51 2.49 0.07 0.34 0 1.58 T.71
2
2
y w y w v —_
J 1 0.890 0.11  2.79 0.51 2,h9 0.07 0.34 o} 1.58 | T.71
2 .890 d1 2,79 .51 2,49 .07 .3k 0 1.58 7.71

&Tncludes welght of metal backup plate but does not include unknown protective-coating weight.

bIncludes mass distribution of bonding material.

cV:lei@g,ht. included in mass distribution of ablation material.
tal backup plate is 6061-T6 aluminum, 0.156 inch thick.

€Combination of bonding material, honeycomb, and insulation.




TABLE III.~ ARC-JET TEST RESULTS

Arc-jet exposure, Thermal response of metal backup plate 1oss of Depth of thermal
sec ablation degradation at
Material  Specimen sﬂted tempem}::re Time to . Time to material center of specimen
nimbex Lov- High- pulse after pulse maximm 600° F
level level temperature, (539° X),
heating hesting op o op % sec sec 1b/eq £t  kg/m? in. mn
Phenolic 1 160 48 459 511 516 she ol 0.288  1.37
nylon 2 61 468 516 .30 1.46 0.08 2,03
o 120 Lek 513 265 .33 1.61 .09 2,29
h 55 bok kol W6k 513 245 .20 .98 .06 1.52
A 1 160 55 512 540 553 563 233 0.18 0.88 0.05 1.27
2 55 565 569 608 593 233 .16 .78 .05 1.27
3 85 536 553 232 .25 1.22 .07 1.78
4 9k k90 528 244 .26 1.27 .09 2.29
B 1 biys 70 588 582 615 597 231 0.46 2.25 0.10 2.54
2 160 80 565 569 299 b9 2,39 .10 2.54
c 1 160 55 6ho 611 686 637 239 201 0.27 1.32 0.09 2.29
2 160 55 649 616 688 638 242 200 .27 1.3 .08 2.03
D 1 160 55 579 577 618 599 237 0.04 0.20 0.02 0.51
2 160 55 576 576 602 590 23k .02 .51
E 1 160 55 426 kg2 468 516 235 0.25 1.22 0.11 2.79
2 160 55 411 484 458 510 2hg .17 .83 .10 2.54
F a3 160 55 408 482 k93 529 229 0.18 0.88 0.05 1.27
&2 576 576 587 582 220 .29 1.k2 .07 1.78
3 600 | 589 654 619 245 215 L3k 1.66 11 2.79
L 580 | 578 641 612 2hé .32 1.56 .11 2.79
¢ a8 160 55 . 605 | 592 630 605 232 213 0.22 1.07 (c)
82 560 | 567 586 581 237 .23 1.12 gc )
3 713 | 652 750 672 231 188 .28 1.37 d)
I | 690 | 639 46 670 233 195 .28 1.37 (d)
H 1 160 48 529 | 549 | S5L | 561 222 0.21 1.03% 0.06 1.52
2 55 509 | 538 | 53%0 | 550 231 .22 1.07 .06 1.52
3 15 517 | 543 256 .3 1.76 .07 1.78
b 15 505 | 536 257 .35 1.71 .06 1.57
I 1 160 55. 482 | 523 | 538 | 554 240 0.06 0.29 0.0% 1.02
2 130 484 | 524 263 .08 .39 .0k 1.02
3 48 465 | 51% | 522 | 546 240 .05 .24 .0ob 1.02
b 120 482 | 523 260 .06 .29 .05 1.27
J 1 160 55 517 | 43 | 576 | 576 250
2 160 90 528 | 549 242

61

BTested in stream of nitrogen and air with oxygen concentration from about 12 to 16 percent, by weight.

Drow-level heating terminated too quickly because of experimental error. .
CThermal degradation indeterminate; material charred to insulation interface. (Original depth of material was not known.)
dAblation material completely consumed with only insulation remaining.
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(b) Material A. L-64-8354

Figure 1l.- Specimens before testing in arc Jet.
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(a) Meteriel C. L-64-8355

Figure 1.- Continued.
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(e) Material D.
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(f) Material E. 1L-64-8356

Figure 1l.- Continued.




(g) Material F. (r) Material G.
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(i) side vievw of material G. L-64-8357

Figure 1l.- Continued.
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(3) Material H.

INCHES

0 2 4 ]
CENTIMETERS

(k) Material I.

Figure 1.- Concluded.
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Figure 2.- Location of thermocouples and steel attachment clips on arc-jet test specimens.
(All dimensions are in inches.)
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Figure 3.- Assembly of arc-jet test specimen in steel holder.
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Figure k.- Water-cooled test fixture with

L-62-6385
test specimen attached.



ms\zz faqea Surqesy

3 S 38 8 3 S
r T =T T T 1 7
..4
\
:_) -
S » |
o 1
b
(8]
M -
N 4
] I 1 i WM_
[e0)] O = aV}

10

(°°8) (a2 wmv\SPm ‘onBa Suiyeey

280

2ko

200

160

120

80

40

Time, sec

Figure 5.- Arc-jet simulation and MA-5 heating rates.
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M et 3 17
Test fixture

Figure 6.- Testing of arc-jet specimen. L-62-7174.1
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Figure 7.- Temperature histories of specimens tested in arc-jet facility.
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Figure 7.- Continued.
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Figure 7.- Continued.
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(b) Material A. L-64-8359

Figure 8.- Arc-jet specimens after testing.
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(d) Material C.

Figure 8.- Continued.
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(g) Material F (tested in air). Sirean
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(h) Material F (tested in air and nitrogen),

Figure 8.- Continued.
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(5) Material G (tested in air and nitrogen).

Figure 8.- Contimued.
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Figure 8.- Continued.
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Figure 9.- Comparison of measured and calculated back-surface temperatures.
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(a) Phenolic nylon. L-62-8458.1

1 direction

C

(b) Material A. L-62-8453.1

Figure 10.- Flight-test specimens after reentry.
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(c) Material B. L-62-8456.1

O

(d) Material C. L-62-8457.1

Figure 10.- Continued.
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(e) Materials D and E. L-62-8452.1

direction

B
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(f) Material H. L-62-8460.1

Figure 10.- Continued.
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Stream direction

(g) Material I. 1-62-8455.1

Figure 10.- Concluded.
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